Introduction
Locomotion causes the observer's eyes to move relative to the environment and hence creates image flow over the retinas. These retinal effects of self-motion complicate the relationship between movement of objects in the world and the retinal image motion they produce. For instance, moving objects are stationary in the retinal image if the observer moves with the same velocity as the object, whereas a stationary object gives rise to a moving retinal image when the observer is moving. The visual system therefore needs to compensate for the retinal effects of self-motion in order to recover the motion of objects relative to the world (Swanston, Wade, & Day, 1987; Wallach, 1987; Wertheim, 1994; Wexler, Panerai, Lamouret, & Droulez, 2001 ).
Scene-relative object motion can be estimated by subtracting self-motion velocity from the retinal flow.
This constitutes a coordinate transform from a retinocentric to a world-centric frame of reference and may serve two different purposes. First, it promotes perceptual stability of the world during self-motion (Wallach, 1987; Wertheim, 1994; Wexler et al., 2001) . Although the image of the world moves across the retinas during locomotion, subtracting the self-motion produces the percept of a stationary, stable world, thereby compensating for the retinal effects of self-motion (Thurrell & Pelah, 2005) . This is similar to the subtraction mechanism thought to underlie perceptual stability during pursuit eye movements Freeman, 1999; Patel, & Bedell, 2005; Wexler, 2003) . Second, subtraction of self-motion from retinal flow may enhance the discriminability of object velocities (Durgin, 2009; Durgin & Gigone, 2007; Durgin, Gigone, & Scott, 2005) . According to this view, the visual system uses the correlation between retinal flow and self-motion speed to improve the efficiency of visual speed coding (Barlow, 1990; Barlow & Földiák, 1989) . Subtracting the estimated self-motion from the retinal flow enhances the dynamic range for discriminating scene-relative object speeds that are similar to the locomotion speed. In support of this idea, Durgin and Gigone (2007) found enhanced discrimination performance for visual speeds around the walking speed.
For some types of judgment, however, observers may need access to retinal flow information before subtraction of the walking velocity. One example is the visual judgment of locomotion itself. The structure of retinal flow depends on both the layout of the environment and the way the observer moves (Gibson, 1950 (Gibson, , 1966 . Assuming that the visual scene is rigid, the speed (up to a scale factor) and direction of self-motion can be inferred from the retinal flow pattern (Koenderink & Van Doorn, 1987; Longuet-Higgins & Prazdny, 1980; Rieger, 1983) . A number of studies have shown that human observers are able to use the structure of retinal flow to estimate their heading direction (Crowell & Banks, 1996; Lappe, Bremmer, & van den Berg, 1999; Royden, Banks, & Crowell, 1992; Warren & Hannon, 1988) . In addition to perceived heading direction, retinal flow also plays an important role in the perception of walking speed. Modulation of the retinal flow affects the speed at which people walk (Mohler, Thompson, Creem-Regehr, Pick, & Warren, 2007; Prokop, Schubert, & Berger, 1997 ) and adaptation to a new relationship between retinal flow and walking speed changes the perception of walked distance (Rieser, Pick, Ashmead, & Garing, 1995) .
To investigate whether observers have access to retinal flow information before subtraction, we used a twointerval forced-choice speed discrimination task in which observers were instructed to judge the velocity of the visual scene. Critically, in one of the conditions we introduced random changes in the walking speed. This type of paradigm was introduced by McKee, Silverman, and Nakayama (1986) to study the effect of contrast and temporal frequency on visual speed discrimination (also see Johnston, Benton, & Morgan, 1999) . Recently, it has been used by Freeman, Champion, Sumnall, and Snowden (2009) to test whether observers have access to retinal image motion signals during smooth pursuit eye movements. According to the direct access hypothesis, random changes in walking speed between intervals should not affect performance. On the other hand, if observers only have access to retinal flow information after subtraction, the random changes in walking speed effectively act as noise in the discrimination process and will cause performance to deteriorate. We call this the indirect access hypothesis.
To understand in more detail how observers might perform in the type of paradigm used here, we can use the recent work of Durgin et al. to formulate the effects of direct and indirect accesses to retinal flow. Durgin et al. (2005) showed that compensation for walking was subtractive rather than divisive (see also Durgin & Gigone, 2007) . They therefore proposed that the perceived visual speed of the scene v equals the actual visual speed v minus a proportion k of the walking speed w:
This model assumes veridical estimation of retinal flow speed v and a linear effect of walking speed that is independent of the visual speed. If k = 1, the walking speed is completely subtracted from the retinal speed, constituting a coordinate transform from a retinocentric to a world-centric frame of reference. Durgin et al. found values of k between 0 and 1, indicating less than complete subtraction (Durgin & Gigone, 2007; Durgin et al., 2005) . In a 2IFC discrimination task like that used in the current paper, observers compare the perceived speed of a test stimulus with speed v t to that of a standard stimulus with speed v s . According to the direct access hypothesis, walking speed will not affect the ability to discriminate visual speeds in such a task, so the perceived speed difference will only depend on the visual speed difference $v = v t j v s . However, if observers only have access to retinal flow after subtraction, any differences in walking speed $w = w t j w s will also determine the perceived visual speed difference:
Hence, the indirect access hypothesis predicts that discrimination performance is dependent on $w and thus is a function of both the difference in visual speed (i.e., retinal flow) and the difference in walking speed between the two intervals. Following Freeman et al. (2009) , we therefore presented visual speeds under two different conditions. In homogeneous trials, the walking speeds in the intervals with test speed and standard speed were equal ($w = 0). In heterogeneous trials, walking speeds differed between intervals ($w m 0). If observers have direct access to the retinal flow, they base their judgments on $v only. Hence, we would not expect any difference in discrimination performance between these two conditions. However, if observers only have indirect access to the retinal motion, varying $w will effectively introduce noise into the visual speed difference $v. According to the indirect access hypothesis, therefore, discriminating the speed of the retinal flow will be worse in the heterogeneous condition.
Methods Participants
Eight paid volunteers participated in the experiment (four females; median age 24 years). All participants had normal or corrected-to-normal vision and were tested for stereo vision (Stereo Fly test, Stereo Optical, Chicago, IL, USA). None of them reported any locomotor problems. Participants gave their written informed consent and the experiment was conducted in agreement with the 1964 Declaration of Helsinki.
Apparatus and stimuli
Participants walked in place on a large treadmill (6.0 Â 2.4 m; Bonte Technology, Zwolle, the Netherlands), holding on to a handlebar that was mounted across the treadmill. Treadmill speed was controlled by custom written software, running on a dedicated pc. For safety reasons, participants wore a safety harness, which was connected to a cable running above the treadmill. Responses were made via two buttons on a gamepad, mounted on the handlebar in front of the participant. Visual stimuli were presented in stereo on a head-mounted display (eMagin Z800 3DVisor HMD, eMagin, Bellevue, WA, USA; resolution: 800 Â 600 pixels; refresh rate 60 Hz; field of view 32 Â 24 deg). The HMD was built into darkened goggles, so the participants could only see the image on the HMD. To prevent participants from using the relative motion between the edge of the display and the visual motion stimulus to make their judgments, we added neutral density filters (3 f-stops reduction, equivalent to 12.5% transmittance) to the HMD screens, which rendered their edges invisible. Auditory cues were masked by earplugs and white noise played over headphones to prevent the sound of the treadmill from affecting the speed judgments. Head position and orientation (6 degrees of freedom) were tracked with a fourcamera optical motion tracking system (Vicon, Oxford, UK). For this purpose, participants wore a lightweight helmet with infrared-reflecting markers. Head position and orientation were used to update the camera position in the 3D scene appropriately. Total system latency from head tracking to visual scene updating was 70 ms (Di Luca, in revision).
The task for the participants was to judge the speed of a ground plane as it moved toward them in the HMD. The ground plane consisted of a grid-like pattern, corrupted by random pixel noise and blurred by scaling the texture to fit the ground plane (see Figure 1a ). Relative motion of the ground plane with respect to the display screen was reduced in two ways. First, the luminance of the background equaled the average luminance of the ground plane, which, together with the decrease in contrast of the ground plane where it receded away from the observer, made the horizon invisible. Second, the ground plane was presented through an elliptical mask, with a graded contrast edge, making its motion relative to the display edges less conspicuous. The ND filters made the black mask indistinguishable from the edge of the screen.
Design and procedure
Participants were asked to judge in which of two sequentially presented intervals the speed of the ground plane appeared faster. They were explicitly instructed to judge the speed of the ground plane on the screen and not take their walking speed into account. Auditory feedback after each trial indicated whether their response was correct, further promoting screen-based judgments. In the standard interval, the ground plane moved at 1, 2, or 3 m/s. In the test interval, the visual speed was chosen from a range of eight values, placed at equal intervals in log units around the standard speeds. Test speeds ranged from 1/1.75 to 1.75 times the standard speed. The order of standard and test intervals was varied randomly from trial to trial.
Walking speed was selected from the set {0.6, 1.0, 1.4 m/s}. In homogeneous trials, the walking speed was the same in both intervals. In heterogeneous trials, all six possible pairs of different walking speeds were presented in the two intervals. The three different walking speeds were all tested twice in the homogeneous condition, to make the total number of trials equal to that in the heterogeneous trials. Homogeneous and heterogeneous trials were randomly intermixed in the same session. The experiment was run in five separate sessions of 288 trials. Each session was performed on a different day and consisted of three blocks of 96 trials, with short breaks in between.
The time sequence of events for a given trial is outlined in Figure 1b . The participant was first given time to adjust his/her walking speed to the treadmill speed in the first interval, after which the moving ground plane was presented for 2 s. In heterogeneous trials, the treadmill then changed its speed for the next interval, while the treadmill kept running at the same speed in homogeneous trials. In both conditions, this period lasted 3 s. Subsequently, the ground plane was again presented for 2 s, after which the participant was requested to indicate in which of the two intervals the ground plane moved faster on the screen by pressing a button on the gamepad. An auditory tone indicated whether the response was correct, after which the next trial began.
Analysis
For each participant, a cumulative Gaussian was fitted to the proportion of trials in which the test speed was perceived to be faster than the standard speed. An example is given in Figure 2 , for a standard speed of 2 m/s. Separate curves were fitted for the four walking speed differences in the heterogeneous condition ($w = j0.8, j0.4, 0.4, or 0.8 m/s), for all the trials in the heterogeneous condition collapsed together and for the homogeneous condition. The maximum-likelihood procedure described by Wichman and Hill (2001) was used for fitting, with lapse rate included as a free parameter.
According to the indirect access hypothesis, randomizing walking speed between intervals could affect the fitted psychometric functions in three ways. First, if we construct psychometric curves for each of the unique walking speed differences in the heterogeneous condition, these curves will shift away from the curve in the homogeneous condition, because of subtraction of the walking speed (see Figure 2) . Thus, the PSEs in trials with different walking speed differences will become more variable (in the heterogeneous condition). Second, this will lower the slope of the psychometric function fitted to all heterogeneous trials together (see Johnston et al., 1999) and, consequently, produce a higher discrimination threshold. Third, the goodness of fit of the overall psychometric function will change. Whether the fit becomes worse or better depends on the experimental parameters (see Appendix A). Previous studies (Freeman et al., 2009; Johnston et al., 1999; McKee et al., 1986) have used the overall discrimination threshold as a measure for the effect of randomizing a nuisance parameter (walking speed in our study). However, simulations show that at least for our experimental parameters, the change in PSEs for individual walking speed differences provides a more powerful test for the effect of walking speed (see Appendix A). The effect on goodness of fit is only marginal. Therefore, below we report both the discrimination thresholds (for Small open symbols show the proportion of trials in which the test speed was reported to be faster than the standard speed (2 m/s in this example), separately for the different changes in walking speed between the two intervals ($w = w t j w s ). Thin lines represent the best fitting cumulative Gaussians to these data. Filled symbols and fat lines represent the aggregated data (across walking speed differences) in the heterogeneous (blue) and in the homogeneous (red) conditions and the best fitting cumulative Gaussians, respectively. PSEs were determined as the test speed that corresponds to the 50% point on the curve. The discrimination threshold was estimated as the point on the curve that produced a 34% performance difference with the PSE.
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heterogeneous and homogeneous trials) and the PSEs for individual walking speed differences (in heterogeneous trials). Discrimination thresholds were computed as the difference between visual test speed and standard speed that corresponded to a 34% performance difference from chance level (equivalent to 1 standard deviation from the mean in the underlying Gaussian distribution). PSEs were estimated as the test speed that was reported to be faster than the standard speed in 50% of the trials. Figure 2 shows the psychometric curves in the homogeneous and heterogeneous conditions for one participant, with a visual standard speed of 2 m/s. For this participant, the PSEs for different walking speed differences $w shifted away from the PSE in the homogeneous condition. As a consequence, the discrimination threshold across all $w was slightly higher in the heterogeneous condition, as predicted by the indirect access hypothesis. Figure 3 summarizes the mean PSEs and thresholds averaged across participants. As Figure 3a shows, the PSEs for heterogeneous trials depended on the difference in walking speed between the intervals (F(1.470, 10.293) = 44.129, p G 0.001, after Greenhouse-Geisser correction for asphericity). Thus, in trials where participants walked faster in the test interval than in the standard interval ($w 9 0), the PSE shifted upward, whereas the reverse happened when the walking speed was lower in the test interval. There was a small but significant interaction between visual standard speed and walking speed difference (F(1.779, 12.456) = 4.062, p = 0.048, after Greenhouse-Geisser correction). This interaction was caused by an increase in the proportion of walking speed that was subtracted for higher standard speeds (0.20, 0.54, and 0.64, for standard speeds 1, 2, and 3 m/s, respectively). Visual standard speed did not have a significant effect on the PSEs (F(2,14) = 2.564, p = 0.113).
Results
Given the effect of walking speed differences on the PSEs, we expected the thresholds in homogeneous and heterogeneous conditions to be different. Figure 3b shows that this was indeed the case. Thresholds were significantly higher in the heterogeneous condition than in the homogeneous one (F(1,7) = 4.515, p = 0.036, one-tailed, repeated measures ANOVA). This corresponds to the change in PSEs for individual walking speed differences in the heterogeneous trials, both showing that visual speed discrimination was affected by the changes in walking speed. Neither the main effect of visual standard speed (F(2,14) = 2.661, p = 0.105) nor the interaction effect (F(2,14) = 0.005) was significant. The threshold differences between the homogeneous and heterogeneous conditions were solely caused by PSE shifts and not by changes in the sensitivity to visual speed. Analysis of the discrimination thresholds for the individual walking speed differences $w between the two intervals did not show a significant difference (F(1.395, 9.766) = 2.139, p = 0.175 after Greenhouse-Geisser correction).
Discussion
Our results show that visual speed judgments were affected by changes in walking speed between the two intervals. Differences in walking speed caused the PSEs to shift as predicted by the indirect access hypothesis. Consequently, discrimination thresholds defining performance across the entire set of walking speed differences were higher for the heterogeneous condition, where walking speed differed between the two intervals. These results suggest that participants did not have direct access to retinal flow. Instead, it is only available after subtraction of an estimate of the walking speed, or part of it.
One factor that was confounded with walking speed in our study is the amount of head movements. During walking, the head both translates and rotates relative to the trunk. These head movements increase in amplitude with walking speed, especially in the sagittal plane (Hirasaki, Moore, Raphan, & Cohen, 1999; Pozzo, Berthoz, & Lefort, 1990; Waters, Morris, & Perry, 1973) . Since we updated the visual display based on the actual head movements, this produced different amounts of additional motion in the display for different walking speeds.
However, the influence of head movements is unlikely to explain our results. Although head movements may add noise to the visual input, they do not explain why the PSEs would shift systematically as a function of the difference in walking speed between the two intervals. Simulating the visual effects of head movements of a walking observer in the display presented to a stationary observer has been shown to have only a small effect on perceived visual speed and does not explain the subtraction effect (Durgin et al., 2005) . Unpublished experiments from our laboratory have replicated this finding. Hence, it seems unlikely that head movements determined the performance difference between heterogeneous and homogeneous trials.
Our results show that the subtracted proportion k of the walking speed increased with the visual speed. This is not accounted for by the simple linear model of Equation 1, proposed by Durgin et al. (Durgin & Gigone, 2007; Durgin et al., 2005) . Our results therefore suggest a more complex non-linear compensation process. This parallels recent findings in studies on the compensation for the retinal effects of smooth pursuit eye movements (Freeman, 2001; Goltz, DeSouza, Menon, Tweed, & Vilis, 2003; Souman & Freeman, 2008; Souman et al., 2006; Turano & Massof, 2001; Wertheim, 1994) . One possibility is that the subtracted walking speed kw depends on visual speed v, introducing an interaction between the two terms in Equation 1 (see Figure 4a) . Interactions of this sort are supported by studies that have found that visual speed influences perceived walking speed (Mohler et al., 2007; Pelah & Barlow, 1996; Prokop et al., 1997; Rieser et al., 1995) . Another indication for such an interaction is the effect of the characteristics of the visual scene. Subtraction effects are stronger for a simulated empty hallway or ground plane than for a cluttered scene with nearby objects (Durgin, Reed, & Tigue, 2007) . Moreover, the amount of subtraction is reduced when observers look sideways during locomotion in a simulated hallway, seeing only laminar flow, instead of forward (Durgin et al., 2005 ). An alternative interpretation of these findings is that changing the visual scene does not change the amount of subtraction k, but the visual speed signal itself (v in Equation 1 ). This is similar to some models of compensation during smooth pursuit eye movements (Freeman, 2007; Freeman & Banks, 1998) . In particular, a compressive transduction function of visual speed v to estimated visual speed v combined with a constant k would produce larger PSE shifts for higher visual speeds (see Figure 4b ).
It is also unclear which factors determine the walking speed estimate that gets subtracted (Equation 1). Durgin et al. (2005) assumed that the brain's estimate of the walking speed ŵ equals the physical walking speed w. However, this is unlikely for several reasons. First, studies on perceived walking distance suggest that the perceived walking speed is a non-linear function of actual walking speed (Bredin, Kerlirzin, & Israël, 2005; Mittelstaedt & Mittelstaedt, 2001 ). Second, Durgin et al. (2005) report different amounts of subtraction for walking in place on a treadmill (k , 0.20) and normal overground walking at approximately the same speed (k , 0.36). Treadmill walking differs in several respects from normal walking. When walking in place on a treadmill, vestibular cues to walking speed are likely to be less salient than when walking overground. Hence, the estimated walking speed ŵ that is subtracted from the visual speed v may be lower for treadmill walking than overground walking, explaining the different amounts of subtraction found by Durgin et al. (2005) . On the other hand, it is not clear to which degree vestibular cues contribute to perceived walking speed when walking at an approximately constant speed (Glasauer, Amorim, Vitte, & Berthoz, 1994; Mittelstaedt & Mittelstaedt, 2001 ). Third, perceived walking speed is influenced by stepping frequency . Since stepping frequency when walking in place on a treadmill tends to be higher than with normal walking (Alton, Baldey, Caplan, & Morrissey, 1998; Murray, Spurr, Sepic, Gardner, & Mollinger, 1985; Stolze et al., 1997) , this means that the same walking speed can lead to different estimates of walking speed by the perceptual system and, consequently, to different amounts of subtraction.
Our results show that walking observers do not have direct access to retinal flow. Since the retinal flow caused by self-motion is thought to make an important contribution to the perception of self-motion, this raises the question of how subtraction influences perceived selfmotion. It has been suggested that, at least for the perception of heading direction in passive self-motion, different self-motion cues (visual, proprioceptive, vestibular) are combined into one estimate of self-motion in a statistically optimal fashion (Butler, Campos, & Bülthoff, 2008; Gu, Angelaki, & DeAngelis, 2008; Morgan, DeAngelis, & Angelaki, 2008) . Hence, the different cues are weighted according to their relative reliability. Similar Bayesian schemes have been proposed for the perception of angular displacement in active body turning (Jürgens & Becker, 2006) and for motion perception during eye movements . The integration of several redundant cues into one estimate of self-motion velocity produces the most reliable estimate possible. However, if one of the cues is biased, such as the estimated retinal flow speed after subtraction, it will bias the resulting estimate of self-motion, unless the bias is balanced by the other cues. This would imply that humans underestimate their walking speed when walking with vision, relative to walking without vision. In support of this idea, studies on perceived distance traveled by a moving observer do indeed report such underestimations, both for active (Sun, Campos, Young, & Chan, 2004) and passive self-motions (Harris, Jenkin, & Zikovitz, 2000) . On the other hand, when perceived walking speed is measured in a more direct way, for instance by matching visual speed to walking speed, it seems to be mainly determined by the biomechanical activity itself, especially step frequency . To answer the question on how subtraction affects the perception of walking speed, studies that directly investigate the contribution of the different sensory cues to walking speed (visual, proprioceptive, vestibular, efference copies of the motor commands) are needed.
In conclusion, we find that observers do not have direct access to retinal flow during walking. Randomly varying walking speed within trials affected visual speed judgments, contrary to what the direct access hypothesis predicts. Our findings also replicate those from previous studies and show that the perceived visual speed is based on a coordinate transform from a retinocentric to a worldcentric frame of reference. Contrary to previous studies, we find that the amount of subtraction, which constitutes this coordinate transform, depends on the visual speed presented to the observer.
Appendix A PSE shifts, threshold changes, and goodness of fit Speed discrimination judgments were simulated for eight observers in a 2IFC discrimination task. Visual speed estimates were drawn from a normal distribution, centered on the presented visual speed minus a proportion k of the walking speed (see Equation 1 ). The standard deviation of the distribution was chosen to be 0.35 m/s (estimated from pilot data on the homogeneous condition). As in our experiment, five trials per visual test speed were run for all combinations of three walking speeds (0.6, 1.0, and 1.4 m/s), with equal walking speeds run twice. For each test speed, the proportion of trials in which the estimated visual speed in the test interval was higher than that in the standard interval was computed. A cumulative Gaussian was fitted to these proportions as a function of test speed.
To illustrate the effect of subtraction on discrimination performance, the fitted psychometric functions for 10 simulation runs with 8 observers have been plotted in Figure A1 as a function of the proportion of subtracted walking speed. If k = 0, walking speed differences do not matter and all psychometric curves lie on top of each other (barring sampling noise). However, as k increases, the curves for different walking speed differences start to drift away from each other.
As argued in the main text, the indirect access hypothesis predicts three possible effects of changes in walking speed: PSEs for different changes in walking speed $w in the heterogeneous condition will differ from each other, discrimination thresholds will be higher in the heterogeneous condition than in the homogeneous one, and the goodness of fit of the psychometric function will be lower in the heterogeneous condition. To assess the statistical power of these three effects, we simulated 10,000 experiments with 8 observers for a range of subtraction proportions (from 0 to 1). In each simulation run, the F-value for a repeated measures ANOVA on the PSEs for different walking speed differences and the T-value for the threshold differences were computed. The associated p-values were then determined from the corresponding null hypothesis distributions. If changes in walking speed do not affect discrimination performance, the F-values for the PSEs in the heterogeneous condition conform to a F(3, 21) distribution (with the degrees of freedom determined by the 4 walking speed differences and the 8 observers). Under the null hypothesis, the T-values for threshold differences between the homogeneous and heterogeneous conditions would follow a T(7) distribution (with df = 8 observers j 1).
For each simulation run, the p-values of the simulated F-and T-values were determined from the null distributions. These p-values indicate how unlikely the obtained value is under the null hypothesis that observers have direct access to the retinal flow. Figure A2 shows the distributions of these probability values as a function of k in boxplots. As can be seen from this figure, the F-value for the PSEs becomes quickly significant from k = 0.1 (more than 75% of the simulations produced a p-value G 0.05). For the T-value associated with the threshold difference, this only happens once more than 50% of the walking speed is subtracted (k Q 0.5). Thus, an ANOVA on the PSEs in the heterogeneous trials constitutes a more powerful test of subtraction effects than a T-test on the threshold difference between heterogeneous and homogeneous trials. From the figure, it seems that the F-value Figure A1 . Simulation of the effect of subtraction proportion k on psychometric functions for each walking speed difference $w.
Journal of Vision (2010) 10(11):14, 1-12 Souman, Freeman, Eikmeier, & Ernstbecomes slightly less significant again for higher proportions of subtraction (k 9 0.7). However, this is an artifact of the restricted range of test speeds we used in our experiment (and simulation). For higher proportions of subtraction, the central part of the psychometric curve shifts out of the test speed range, making the estimated PSEs less reliable. The effects of subtraction on the goodness of fit of the overall psychometric function in the heterogeneous trials were also simulated ( Figure A3 ). Goodness of fit was expressed in the deviance of the data from the psychometric curve for 10,000 simulations of heterogeneous and homogeneous trials (Wichman & Hill, 2001) . Deviance was approximately 6 for homogeneous trials and decreased with subtraction proportion k in heterogeneous trials. However, this decrease was only small and hence not useful as a test of the effect of subtraction on visual speed discrimination. Further simulations showed that whether the goodness of fit in the heterogeneous trials improves or decreases with k depends on the amount of noise in the sensory estimates. For larger standard deviations of the underlying Gaussian distribution (1.0 m/s instead of 0.35), deviance hardly changes as a function of k anymore. For smaller standard deviations (0.1 m/s), deviance increases with k. Figure A3 . Boxplots of the deviance of data from fitted psychometric curves in (left) homogeneous and (right) heterogeneous trials, as a function of subtraction proportion k. Each boxplot shows the deviance distribution from 10,000 simulations. Boxplots as in Figure A2 . Figure A2 . Boxplots of probabilities for the (left) F-values of PSEs and (right) T-values of threshold differences as a function of the amount of subtraction k. P-values were determined by comparing the outcome of 10,000 simulations with 8 observers for each k-value to F(3,21) and T(7) distributions, respectively. The blue box parts indicate the lower quartile, median, and upper quartile values. Whiskers indicate data lying within 1.5 times the interquartile range and red crosses represent data points lying outside this range.
